A reflection on the measure of fluorescence specificity of indocyanine green (ICG) in nonintubated pulmonary segmentectomy.
Background

Segmentectomy
A pulmonary segmentectomy is an anatomical resection which is used in curative surgery of pulmonary pathologies. The pioneer of this method is Edward Churchill. In the beginning, segmentectomy was indicated in the treatment of inflammatory pulmonary diseases (1) . The first surgeon using segmentectomy for lung cancer treatment was Richard Overholt (2) . The gold standard of primary lung cancer treatment was for decades lobectomy (3, 4) . For patients with limited ventilatory function, the extent of pulmonary resection is limited in a way that a lobectomy is contraindicated. A wedge resection is associated with a higher occurrence of relapses (5) . These facts lead to research into the biological justification of sub-lobar anatomical pulmonary resections (6) (7) (8) . This occurred in connection with the expansion of early diagnoses of lung cancers which arose in the 1980s and 1990s thanks to Michael Melamed, Claudia Henschke and their coworkers (9, 10) . This leads to a number of surgeons replacing lobectomy in the treatment of early pulmonary cancer with segmentectomy. At the end of same decade, this trend sparked a sharp exchange of opinions at a conference in Italian Varese which was organized by Lorenzo Dominioni and Gary Strauss (11) . Modernists offered impulses for fruitful muses (12) . Conservatives observed the purity of the concept via tough sorties (5) . While classicists had technical details already polished for a long time (1, 6, 13) .
The indication of pulmonary segmentectomy for cancer up to a diameter of 20 mm came rose victoriously from the aforementioned exchange of opinions. Credit should be given to Japanese surgeons led by Shigefumi Fujimura et al. (8) , who were supported especially by the authority of Penfield Faber from Chicago (6, 13) . Surgical practice in the following decade has shown that this decision was correct (14-17) and we have used this method of surgical oncology since 1999 (18) .
Non-intubated thoracic surgery (NITS)
The basis of today's physiological thoracic operation is non-intubated anatomical lung resection with regional anesthesia of the chest wall and intercostal nerves (lidocaine, bupivacaine), a vagus nerve block in the pulmonary hilum (bupivacaine) and pharmacological sedation [target controlled infusion (TCI)] with propofol (19) . There are both proponents and opponents of this method, as of any other. In addition to its advantages, NITS also has its limitations: BMI <27, significant weighty movement of the thoracic wall, lung and mediastinum associated with artificial pneumothorax, extensive pleural adhesions and potential allergic reactions to the medication used. When we become more familiar with NITS, we find that it is notably effective in indicated cases. Our experience shows a difference in the reachability of the Asiatic and Caucasian population. Their causation is possibly multifactorial, and are worthy of focused interest. NITS combines the advantages of minimally-invasive video-assisted thoracic surgery (VATS) and spontaneous breathing without intubation. NITS eliminates complications related to selective double-lumen intubation, artificial breathing, and general anesthesia. A look into the literature shows that NITS is not an achievement of the 21 st Century, but it has developed concurrently with intubated surgery using artificial breathing (20) (21) (22) .
The specification of the intersegmental plane
A classic open pulmonary segmentectomy with elegant digitoclastic technique is able to separate intersegmental planes of the pulmonary parenchyma exactly. Deciphering this process for VATS was performed by Koichi Yoshikawa with colleagues (14) in the concept of extended segmentectomy; and more recently, Noriyuki Misaki using indocyanine green (ICG) (23, 24) .
Gaetano Rocco with colleagues proposed blocking the entrance into the segmental bronchus using a Forgarty catheter via bronchoscopy (25) .
Anatomical, physiological and biophysical prerequisites
The pulmonary segment is perfused via a segmental branch of the pulmonary artery and ventilated via the segmental bronchus. Systemic circulation brings a slight amount of arterial blood into the bronchial artery. The blocking of blood inflow to the pulmonary segment by cutting off the segmental pulmonary artery can be used to visualize the resection line. Soon after the application of ICG into the peripheral vein, ICG appears in the pulmonary circulation. Electromagnetic near infrared (NIR) wave motion stimulates its fluorescence. ICG flows into the perfused segments, so they will appear fluorescent and dyed green. ICG will not flow to non-perfused segments, so they will not appear green. This method delimits them in relation to surrounding segments.
ICG
ICG is a cyanine dye characterized by absorption of the near infrared spectrum. The absorption peak is 805 nm. The exact range of its fluorescence depends on the chemical characteristics of its surroundings and the physical conditions of ICG molecules, such as temperature or concentration of the solution. The spectra of fluorescence also slightly changes, because exact wavelengths described in the literature are slightly different according to spectrums of excited light wave motion and according to the filters used to detect emitted light. ICG clinical use has the following advantages which caused its quick acceptance: maximal absorption around 800 nm, its limitation to the vascular compartment through their bond to plasma proteins, low toxicity and quick expulsion-almost exclusively via the liver to bile (9) . To establish the amount of intravenous dosage in studies regarding liver function, 0.5 mg/kg is calculated. The total dosage of ICG for the heart's output and volume of blood should be under 2 mg/kg. No significant toxic effects were observed up to a dose of 5 mg/kg (26) . ICG is the only fluorescence dye approved by the Food and Drug Administration (FDA) for use in the biomedicine.
In accordance with the aforementioned information, we considered clarifying the intersegmental plane of the pulmonary segment using ICG after its stimulation by electromagnetic wave motion from the near infrared part of spectrum during the NITS procedure. We decided to test this.
Case presentation
An ICG-navigated segmentectomy was performed in a 60-year-old woman with a solitary lesion 13 mm in diameter in the posterior segment of the upper right pulmonary lobe (Figure 1, CT scan) . The operation was performed using a non-intubated thoracic surgical procedure. The spontaneously breathing patient was set on the left decubital position and sedated using propofol. Pain and the cough reflex were inhibited by an intercostal nerve block, a block of the vagus nerve in the pulmonary hilum, and topical anesthesia of the visceral pleura with bupivacaine. Using the combination of blunt and sharp preparation the segmental artery, and bronchus were found and secured. Next, the segmental artery was cut using a Medtronic EndoGIA 45 mm vascular stapler. After cutting the segmental pulmonary artery, ICG was applied in concordance with the protocol of the ethical committee and the free and informed consent of the patient. We used ICG, specifically the commerciallyavailable ICG pulsion from Sigma Aldrich. We applied 2 mL of the solution, which contained 5 mg of ICG (0.1 mg/kg).
The lower concentration of ICG was chosen due to the experience from gastrointestinal tract surgery regarding the non-linear correlation between the concentration of ICG and fluorescence quantum yield (26) . The essential factor when using this indicator was the penetration of the NIR wave motion at least several few millimeters into depth of the pulmonary tissue (27, 28) . The ICG was excited using laser radiation from endoscopic Novadaq Pinpoint Endoscopic Fluorescence Imaging display system, system wave length 805 nm, 20 pulses/sec, output 2 mW, and 75°±5° divergence of the ray beam. The emitted ICG fluorescence was detected by a CMOS camera and visualized on a screen via video convertor of the same endoscopic system. After a few seconds of intravenous application of the ICG, we noticed the first coloration of the pulmonary parenchyma. Despite the information in the literature we did not detect clear borders of saturation loss of the pulmonary segment which was meant for resection. The segmental bronchus was at this time intact. The surgery continued with a lymphadenectomy. After half an hour, once complete washout of the ICG from the pulmonary tissue was obvious, we severed the segmental bronchus with a stapler using a green cartridge.
Afterwards, we repeated the application of ICG into the peripheral vein. Two milliliters of the solution were applied again. The segment with the interrupted segmental branch of the pulmonary artery and severed segmental bronchus did not change colour, but again a clear border for marking the resection line was not noticeable. We separated the posterior segment at the assumed borderline from the surrounding parenchyma using staplers with blue cartridge and resection was extracted via a utility incision in the chest wall. A histopathology examination did not confirm the assumed neoplastic etiology of the lesion. Post-inflammatory changes were documented. The postoperative course was without issue.
We were surprised to find that the visual demarcation of the segment borders using ICG fluorescence was not very sharp in any interval of the observed progression time (Figures 2,3) .
This posed many questions, and serve as an invitation to future tests:
(I) Biological: the influence of general and local regulation of perfusion and ventilation by partial pneumothorax; presence/involvement of system circulation via bronchial artery. Tommaso Claudio Mineo and Federico Tacconi showed encouraging results with NITS by paying attention to more aspects needed for study (29) .
Video-assisted pulmonary segmentectomy is not an easy or quick procedure. Specifying borderlines of the segment both surgically and comprehensibly and at the same time precisely oncologically is a fundamental question. The first Sébastien Guigard from Geneva, with colleagues, published a study in 2017 on the use of ICG in 22 patients who had undergone VATS (30) and showed that intravenous application is a reliable tool for pinpointing the intersegmental plane. They describe the application of 12.5 mg of ICG, which is a 2.5 times higher dosage than was recommended for a standard preoperative angiography in colorectal surgery (31) . The authors were able to determine the intersegmental plane for every patient. Yoshitaka Kasai and colleagues used 0.5 mg/kg of ICG and were able to visualize resection edges in 19 out of 20 patients (32), and Shintaro Tarumi used a dosage of 3 mg/kg of ICG with very good visualization of a resection line in 11 out of 13 patients (33) .
We applied 5 mg of ICG (i.e., 0.1 mg/kg) to our patient after cutting the segmental artery. We repeated the application after cutting the segmental bronchus. The low dosage could be the reason our procedure did not bear the intended results. A higher concentration of ICG in the circulation would lead to more noticeable dying of the perfused segments. In the situation in which peripheral vascular communication of centrally perfused segments and the segment without central perfusion are established and open, one cannot logically expect that even with a higher or high dosage of coloring agents would we be able to delimit the resection line. One cannot conclude, based on material which we have, if this vessel-bridging is caused by an inflammatory process in the parenchyma, as mentioned by the histopathologist, or if it is a physiological or other consequence of partial pneumothorax (which is an integral part of NITS).
In addition, we also noticed that after cutting the segmental artery and segmental bronchus, a small green area in the resection fluoresced. The presence of small vascular connections which went beyond the intersegmental planes as an anatomical variation of thoracic surgical experience confirms-like the liver (34)-which we must anticipate, but at the same time we cannot predict. Adapting to an unusual reality is part of our profession.
Conclusions
ICG fluorescence stimulated by infrared electromagnetic wave motion did not make it easier to pinpoint the intersegmental plane during NITS in our patient. Further study is needed.
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